Diabetes impairs the expression and function of endogenous growth factors, leading to increased cardiovascular events in diabetic patients. Supplementation of fibroblast growth factors (FGFs) protected the heart from ischemia/reperfusion (I/R)-induced injury in animal models. However, it has not yet been tested in diabetic heart. The present study was thus to clarify whether basic fibroblast growth factor (bFGF) could protect the heart from I/R-induced damage under diabetic conditions using a rat model. Male Sprague Dawley rats were used to induce diabetes by intraperitoneal injection of streptozotocin. Eight weeks later, I/R injury was generated in diabetic rats and age-matched non-diabetic rats. All I/R rats were administrated bFGF or saline through intramyocardial injection. Seven days after I/R, cardiac infarction, structural changes, cell death and blood vessel density, serum malondialdehyde (MDA) and cardiac enzyme lactate dehydrogenase (LDH) were examined. We found that I/R induced significant increases in the cardiac infarction, blood MDA contents and LDH activities, and the expression of caspase-3. Treatment of I/R rats with bFGF simultaneously with reperfusion significantly attenuated I/Rinduced pathological changes, along with a significant increase in the cardiac blood vessel density in both diabetic and non-diabetic rates. The protective effects of bFGF on I/R-induced cardiac injury in diabetic group are less than those in non-diabetic group. The results indicated that bFGF provide a protection of the heart against I/R-induced oxidative damage, cell death and infarction under diabetic conditions.
Fibroblast growth factor (FGF) is a superfamily of at least 21 structurally and functionally relevant members characterized by a high affinity to heparin. 1, 2) Basic FGF (bFGF, also call FGF-2) was first extracted from bovine brain and characterized as a potent factor to stimulate NIH3T3 proliferation and mitogenesis in 1974.
3) Accumulating evidence demonstrates that FGFs, including bFGF, are multifunctional proteins exerting tissue mitogenic and protective actions against a variety of oxidative stresses. [4] [5] [6] [7] [8] [9] [10] [11] [12] Diabetes was found to impair endogenous defense mechanisms in the tissues. [13] [14] [15] [16] For instance, diabetes inhibited the expression, and also induced glycosylation of several growth factors, including endogenous FGF. [17] [18] [19] [20] [21] Decreased serum levels of bFGF with other growth factors were found to increase cardiovascular events (including infarction, revascularization, stroke and peripheral vascular disease) in diabetic patients. 22) Supplementation of exogenous FGFs attenuated diabetes-caused neuronal and gastric tissue damage. 23, 24) We have performed experimental and clinical studies, demonstrating that topical application of recombinant human acidic FGF (rhaFGF) and basic FGF (rhbFGF) promoted the healing of skin ulcer in diabetic patients, 25) and diabetic rats. 26) Cardiac infarction and dysfunction are life-threatening diseases. Subjects with diabetes experience an increased risk of cardiac infarction and cardiac failure compared to non-diabetic age-matched individuals. 13, 14, 27, 28) We and other groups have confirmed that supplementation or over-expression of FGFs can protect the heart from ischemia/reperfusion (I/R)-induced injury in animal models and in patients. [29] [30] [31] [32] [33] [34] [35] [36] However, whether FGFs can protect diabetic heart from I/Rinduced injury has not been addressed.
The present study was thus to clarify whether bFGF can protect the heart from I/R-induced damage under diabetic condition using a rat model. We found that administration of rhbFGF to diabetic rats indeed provided a protection against I/R-induced cardiac damage although the protective effect is slightly less in diabetic rats than that in non-diabetic rats.
MATERIALS AND METHODS

Animals
Male Sprague Dawley rats purchased from Experimental Animal Center in Wenzhou Medical College (Wenzhou, Zhejiang, China), body weight 250Ϯ30 g, and maintained under specific pathogen-free conditions at Wenzhou Medical College Animal Facility (Wenzhou, Zhejiang, China). All of the following animal procedures were approved by the College Animal Case and Use Committee, which is certified by the Chinese Association of Accreditation of Laboratory Animal Care.
Diabetic Model Type 1 diabetic models were induced with streptozotocin (STZ) as described in our previous report. 26) Briefly, male rats were given a single intraperitoneal (i.p.) injection of 55 mg/kg STZ dissolved in sodium citrate buffer (pH 4.5), and 3 d later, whole-blood glucose obtained from rat tail-vein was monitored using SureStep Complete Blood Glucose monitor (LifeScan Inc., Milpitas, CA, U.S.A.). STZ-treated rats with whole-blood glucose levels higher than 11.1 mM (200 mg/dl) were considered diabetic. Rats serving as vehicle controls (non-diabetic rats) were given the same volume of sodium citrate, as indicated in Fig.  1 .
Ischemia/Reperfusion Injury Model and Drug Delivery
Diabetic and age-matched non-diabetic rats were used to generate cardiac I/R model at eight weeks after the onset of diabetes, as showed in Fig. 1 . Under sufficient anesthesia with an i.p. injection of 5% chloral hydrate (7 ml/kg body weight), rats were placed in a supine position and an endotracheal polyethylene (PE) 90 tubing was used to provide ventilation via a rodent ventilator (Harvard, South Natick, MA, U.S.A.) at a rate of 90 cycles per min. Oxygen (100%) was provided to the in-flow of the ventilator, and the tidal volume was 3-4 ml/100 g. The chest was opened by a lateral cut along the up-margin of the fourth rib. The left auricle was slightly retraced to expose the entire left anterior descending coronary artery (LADCA) system. Ligation was performed using a 6-0 silk suture passing through the space between the inferior border 1-3 mm of auticle of left atrium and pulmonary conus, and making a knot to occlude the coronary artery without veins occlusion. Coronary artery occlusion lasted 30 min and reperfusion was restarted by cutting the knot. Meanwhile, as outlined in Fig. 1 , 0.1 ml of rhbFGF (20 mg/rat) or saline was administered by intramyocardial injection around the ligation site at four points (25 ml/point), according to previous reports. 34, 35) The chest wall was closed and the animal was removed from the respirator and kept warm by a heat lamp and allowed to breathe 100% oxygen via a nasal cone. The ventilator was removed after the selfbreath recovery and amikacin sulfate (200000 U/d/rat) was given by intramuscular injection. The electrocardiography of the rats was monitored through all the surgical procedure. Therefore, there were four experimental groups with 6 rats per group without significant body weight variation: salinetreated non-diabetic rats with I/R (Cn), saline-treated diabetic rats with I/R (Dn), rhbFGF-treated non-diabetic rats with I/R (Cb), and rhbFGF-treated diabetic rats with I/R (Db).
Assessment of Infarction Size Seven days after I/R, the cardiac left ventricles were harvested and sectioned transversely into five sections with one section being made at the site of the ligature, and the sections were weighed. The images of the representative sections were taken by a microscopy system (Nikon TE2000-S). Sections of the ventricle were then incubated in 1.5% triphenyltetrazolium chloride (TTC) for 15 min at 37°C. After the above procedures, the heart was stained by brick red for normal tissue and pale white for infarct tissue. The size of infarction was determined by the following equations: infarction sizeϭweight of infarction/weight of total left ventricleϫ100%.
Detection of Lipid Peroxidation and Cardiac Damage Seven days after I/R, the carotid artery blood was collected to detect serum lipid peroxides by measuring malondialdehyde (MDA) concentrations, and cardiac enzyme lactate dehydrogenase (LDH) activities as an index of cardiac damage, using corresponding commercially-available assay kits (Nanjing Jiancheng Biological Institute, Nanjing, China). The concentration of MDA was expressed as nanomolar MDA per milliliter serum and the LDH activity was expressed as LDH activity units per milliliter serum.
Histological Analysis and Immunohistochemistry Paraffin sections (3 mm) of left ventricles were stained with hematoxylin and eosin (H&E), and the morphological changes were examined under light microscope. Cardiac cell death was examined by immunohistochemical staining for activated form of caspase-3. Blood vessel density in the heart was identified by immunohistochemical staining for VIII factor.
For immunohistochemical staining, left ventricle sections were incubated with pepsin for 15 min at 37°C, treated with 3% H 2 O 2 for 10 min, and then incubated with polyclonal rabbit anti-active caspase-3 antibody (1 : 50) or polyclonal rabbit anti-VIII factor antibody (1 : 100) overnight at 4°C, respectively. Sections were then incubated for 30 min with horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG) antibody. The antibody binding sites were visualized by incubation with DAB-H 2 O 2 solution using a DAB kit (Maxvision, Fujian, China). Finally, sections were counterstained with hematoxylin.
Semi-quantitative analysis was performed with ten highpower fields (0.08 mm 2 ) per slide to count for caspase-3 positive cells and capillary density in a double blind fashion. Six slides were analyzed per treatment group. The expression of caspase-3 was expressed as a percentage of caspase-3 positive cells, which was calculated by positive cells/total cardiomyocytes counted in each high power fieldϫ100. The capillary density was expressed as the number of capillaries per high-power fields (0.08 mm 2 ) (200ϫ). Statistical Analysis The data were analyzed using SPSS11.5 software and presented as meanϮS.D. values from at least six rats in each group. The data were initially analyzed by one-way ANOVA analysis of variance and then in multiple comparisons with the Student t-test. Otherwise it is indicated for the specific assay (Table 1) . Statistical significance was considered as pϽ0.05.
RESULTS
bFGF Prevented I/R-Induced Cardiac Infarction Size
Seven days after I/R, the cardiac left ventricles were sectioned transversely and stained by TTC. The representative images of cardiac infarction from each group were shown in Fig. 2A , in which the intact cardiac tissue was stained brick red and the infarct tissue was stained pale white. Quantitative analysis of the infarction sizes (Fig. 2B) showed that diabetes Histopathological examination of infarct tissues obtained from I/R heart supported the finding of infarction sizes, showing that I/R induced obvious cardiac damage and massive inflammatory cell infiltration (Fig. 3A) , and diabetes further exaggerated these pathological changes (Fig. 3C) . In contrast, most of cardiac muscles are undamaged with relative rare inflammatory cell infiltration in rhbFGF-treated non-diabetic (Fig. 3B ) and diabetic rats (Fig. 3D) , suggesting that rhbFGF protected heart from I/R injury in diabetic and non-diabetic conditions. bFGF Protected the Heart from I/R-Induced Oxidative Damage and Cell Death MDA is a product of lipid peroxidation induced by a diversity of oxidative injury. It has been used as a biomarker of cardiac oxidative damage.
37) The result presented in Fig. 4A shows the effect of rhbFGF on MDA concentrations in carotid artery blood. I/R dramatically elevated the MDA concentrations in non-diabetic rats 7 d after reperfusion. Diabetes further enhanced the I/R-induced MDA accumulation. However, the concentration of MDA in the rhbFGF-treated myocardium was significantly lower than those without rhbFGF-treatment in both diabetic and non-diabetic conditions (Fig. 4A) . The protective effect of rhbFGF on I/R-induced MDA in diabetic group (30.6%) is slightly lower than that in non-diabetic group (36.25%), although there was no statistical difference (Table 1, pϾ0.05) .
The release of the cardiac enzyme LDH as an index of cardiac cell damage was measured in the carotid artery blood collected from the different groups. I/R caused a significant increase in LDH, and diabetes further enhanced this damage (Fig. 4B) . Administration of rhbFGF immediately after starting reperfusion significantly prevented I/R-induced increase of the LDH level in carotid artery blood for both diabetic and non-diabetic rats (Fig. 4B) . However, similar to the protective effect of rhbFGF on MDA levels, the protective effect of rhbFGF on I/R-induced increase in LDH in the blood in diabetic group (36.7%) is also slightly, even though not statistically, lower than that in non-diabetic group (46.50%, Table 1 , pϾ0.05).
To define the protective effect of rhbFGF against I/Rinduced cardiac cell death, immunohistochemical staining of the cleaved caspase-3 as an index of cell death was performed. Quantitative analysis showed that caspase-3 positive cells are significantly increased in infarct tissues (Fig. 4C , Cn and Dn). A protective effect by rhbFGF is observed, although this effect in diabetic group (53.56%) is slightly, but not statistically, lower than that in non-diabetic group (63.58%, Table 1 , pϾ0.05).
bFGF Improved Cardiac Blood Vessels Formation The blood vessel density in I/R injured heart was assessed by counting the factor VIII positive staining vessels (Fig. 5A) . Results showed that the density of blood vessels in rat treated with rhbFGF was significant higher than that of vehicletreated group on day 7 after I/R (pϽ0.05). Diabetes significantly inhibited the blood vessel formation in the heart after I/R (pϽ0.05) (Fig. 5B) . Treatment of diabetic rats with 446 Vol. 33, No. 3
Fig. 2. Effects of bFGF on I/R-Induced Cardiac Infarction
The area of infarction in transverse sections of hearts was stained by TTC. All areas that were stained brick red were not at risk. Areas that appeared pale white were infarcted (A). The results of infarct size were calculated using ratio of weight of infarction to weight of total left ventricle (B). * pϽ0.05, vs. Cn; # pϽ0.05, vs. Dn, nϭ6.
Fig. 3. bFGF Protected Heart from I/R-Induced Structural Changes
H&E staining indicates that I/R induced obvious cardiomyocyte necrosis, cardiac fiber dissolution, and massive inflammatory cell infiltration (A), and diabetes worsened these changes (C). Administration of rhbFGF protected the hearts from I/R injury, indicated by less inflammatory cell infiltration in the risk areas (B). Diabetes slightly attenuated the protective effect of rhbFGF (D) as compared to that in non-diabetic rats (B). High-power views of sub-areas of left panels were showed in right panels. rhbFGF immediately after I/R significantly enhanced the blood vessel formation showing 18.87% and 22.58% enhancing effects in diabetic group and non-diabetic group, respectively (Table 1, pϾ0.05) .
DISCUSSION
In the present study, the cardioprotective effects of rhbFGF administered simultaneously with reperfusion after 30 min ischemia was investigated in diabetic rats. We confirmed that diabetes further enhanced I/R-induced cardiac infarction size, inflammatory response and cardiac damage. We provided the following novel findings: (1) Administration of bFGF immediately after reperfusion significantly protected the heart from I/R-induced injuries. (2) Treatment of I/R diabetic rats with rhbFGF significantly enhanced the blood vessel formation. (3) In generally speaking, cardiac protective effects of rhbFGF on I/R-induced pathogenesis in diabetic rats are slightly less than those in non-diabetic rats.
FGF plays both antioxidant and angiogenic functions. [4] [5] [6] [7] [8] [9] [10] [11] [12] Pre-treatment of animals with recombinant FGF without mitogenic action significantly protected the heart from I/R-induced damage in non-diabetic models. 30, 32) The cultured cardiomyocytes transfected with non-mitogenic FGF gene and Langendorff heart perfused with non-mitogenic FGF were found to be significantly protected from oxidative damage such as hydrogen peroxide-and I/R-induced damage. 29) Under diabetic condition, superoxide dismutase (SOD) plus catalase was also found to significantly improve cardiac postischemic recovery. 38) These studies suggest that oxygen derived free radicals may mediate reperfusion-induced contractile dysfunction and ventricular fibrillation in diabetic hearts following brief episodes of cardiac ischemia. Consistent with these early studies, we demonstrated the protective effect of rhbFGF on I/R-induced increase of the blood MDA contents and cardiac cytotoxic effects (blood LDH levels and cardiac caspase-3 activation) in non-diabetic rats. Furthermore, we also demonstrated for the first time that rhbFGF significantly protected the heart from I/R-induced these oxidative damages under diabetic conditions (Fig. 4) .
A short duration of hyperglycemia may protect the heart from I/R-induced injury, 39) but most studies have demonstrated that diabetes enhances cardiac damage, infarction and contractile dysfunction. 13, 14, 27, 28) Under normal condition, pathophysiological stimuli that increase oxidative stress can up-regulate certain protective molecules such as heme oxygenase (HO)-1, a cytoprotective heme-degrading enzyme, and antioxidants including SOD, catalase and metallothionein in the heart. 40) It was found that HO-1 expression was increased in the mouse hearts subjected to I/R, but I/R-induced up-regulation of HO-1 expression in non-diabetic mice was absent in diabetic hearts. 13) Therefore, the absent expression of HO-1 made the heart more susceptible to I/R-induced damage and diabetes worsened these injuries. 13, 14) These results suggest that diabetes could impair the endogenous and protective mechanisms in the heart, making the heart more sensitive to subsequent oxidative damage. 13, 14, 27, 28) I/R-induced cardiac damages include three periods: (1) acute oxidative damages during ischemic period, (2) acute oxidative damage shortly after reperfusion, and (3) chronic damages after reperfusion. Cardiac infarction is related to both acute phase cell death and the post-I/R chronic cell death. The chronic cell death may be induced by the post-I/R oxidative damage and associated inflammatory response, but may be prevented by quick angiogenic recovery. 41, 42) Although administration of bFGF before heart ischemia was found to be an effective approach to prevent the heart from I/R-induced damage, it may be not a practical approach since it will be difficult to predict the occurrence of heart stroke (ischemia). However, administration of the efficient cardioprotective reagent such as bFGF at the cardiac reperfusion for heart stroke patient would be a feasible approach. In the present study, therefore, bFGF was given simultaneously with cardiac reperfusion (Fig. 1) . This is mainly to explore the preventive effect of bFGF on I/R-induced chronic damage. Therefore, antioxidant and angiogenic actions of rhbFGF should both play critical roles in determining the prevention of I/R-induced cardiac oxidative damage, inflammation, cell death and infarction. 43) To support this notion, we demonstrated that rhbFGF treatment significantly prevented I/R-induced oxidative damage and cell death, and also significantly increased blood vessel densities in I/R hearts of both non-diabetic and diabetic rats (Figs. 4, 5) . Consequently, bFGF significantly prevented I/R-induced cardiac infarction (Fig. 2) .
However, the protective effect of bFGF on I/R-induced cardiac injury, especially under diabetic conditions, is a complicated process and may include multiple mechanisms. Except we proposed anti-oxidative and angiogenic action in the above, other functions of bFGF such as cardiac stem cell mobilization and differentiation 44) might also play important role in I/R-induced cardiac injury protection. These need to be defined in the further studies.
In summary, we present the first evidence that administration of rhbFGF immediately after reperfusion can significantly prevent I/R-induced cardiac damage in diabetic rats. It is known that antioxidant and angiogenic action of FGF are mediated by signaling pathways that involves in several other kinases, such as Akt, extracellular signal-regulated kinase (Erk1/2), and vascular endothelial growth factor (VEGF). [13] [14] [15] [16] 45) As mentioned above, diabetes impairs several antioxidants and growth factors, [17] [18] [19] [20] [21] administration of single exogenous rhbFGF alone is unable to overcome all these defectives, and consequently offered a slightly less protection in diabetic rats as compared to that in non-diabetic rats. Therefore, combination of bFGF with other growth factors may be a potential approach to optimize the protective effect of bFGF against I/R-induced cardiac injury 46) even under diabetic conditions, which will be warranty in the future studies.
